We demonstrate that a photonic lattice with short-and long-range harmonic modulations of the refractive index facilitates formation of flat photonic bands and leads to slow propagation of light. The system can be considered a coupled-resonator optical waveguide (CROW): photonic bands with abnormally small dispersion are created due to the interaction of long-lived states in the cavity regions via weak coupling across tunneling barriers. Unlike previous CROW implementations, the proposed structures can be fabricated with interference photolithography (holography), sidestepping the issue of resonator-to-resonator fluctuation of the system parameters. The proposed holography-based approach enables fabrication of arrays with a large number of coupled optical resonators, which is necessary for practical applications. © 2007 Optical Society of America OCIS codes: 230.4000, 230.5750, 250.5300. Photonic crystal (PhC) structures 1 have been recognized as a versatile testbed for achieving unparalleled control over light propagation, including slowing down or stopping light completely, that can be used in, e.g., optical memories, delay lines, and to enhance nonlinear interactions. Among the solid-state approaches to slowing down light, 2 periodic arrays of weakly coupled resonators show great promise.
Photonic crystal (PhC) structures 1 have been recognized as a versatile testbed for achieving unparalleled control over light propagation, including slowing down or stopping light completely, that can be used in, e.g., optical memories, delay lines, and to enhance nonlinear interactions. Among the solid-state approaches to slowing down light, 2 periodic arrays of weakly coupled resonators show great promise. 3 Such an array, 4 dubbed a coupled-resonator optical waveguide 5, 6 (CROW), is essentially a onedimensional (1D) PhC with a carefully engineered photonic band structure. Hybridization of the high-Q resonances of the individual cavities leads 5, 6 to a lowdispersion photonic band:
The propagation speed of a light pulse at frequencies within the band can be considerably reduced ͑v g =d /dK Ӷ c͒ when the coupling between the resonators is weak (small ). Efficient second-harmonic generation 7 and high-power low-threshold lasers 8 are among the possible applications of CROW devices. To make a CROW practical, it needs to contain a large number of the individual resonators. However, hybridization of high-Q resonances of the individual resonators is possible only when the latter are nearly identical. This requirement puts severe constraints on the fabrication error margin and the resonator-toresonator parameter fluctuation tolerance. Difficulty in satisfying these strict criteria has hampered widespread applications of CROW devices. 3 Here we demonstrate that this limitation can be sidestepped in 1D PhC that possesses a long-range ͑a L ͒ harmonic modulation of the refractive index (see Fig. 1 ):
where k 1 − k 2 ϵ ⌬k, ͑k 1 + k 2 ͒ /2ϵ k, and ␣ + ␤ =1. k and ⌬k are related to the short-and long-range modulations of the refractive index: a S =2 / ⌬k and a L = / k, respectively.
Flat bands related to the periodically placed structural defects (resonators) in 1D PhCs have been observed [9] [10] [11] [12] and considered for CROW applications. 13, 14 However, the structures proposed before need to be constructed with the layer-by-layer technique, which is susceptible to fabrication errors, as are the other CROWs discussed above. We propose to use optical holography to create dual-harmonic modulations of the refractive index as in Eq. (2). Holography is a mature technique that can be used in conjunction with, e.g., quantum dot lithography 15 to define a dual-periodic PhC CROW with a large number of virtually identical resonators. Furthermore, we demonstrate that our approach allows easy control of the optical properties of the CROW.
Let us consider four s-polarized laser beams defined by
͑3͒
Here q and E are the k-vector and amplitude of the beams, respectively. Their interference pattern, E tot ͑x͒ ϰ ␣ cos͑k 1 x͒ + ␤ cos͑k 2 x͒, leads to Eq. (2). The parameters in Eqs. (2) and (3) are related as
Manipulation of the beams allows for easy control over the structural properties of the resultant PhC: (i) fundamental periodicity a S via k 0 and 1,2 ;
(ii) long-range modulation a L via 1 − 2 ; (iii) depth of the long-range modulation via the relative intensity of the beams, E 1 / E 2 . Now we show that the proposed long-range refractive index modulation creates alternating spatial regions that can serve as resonators separated by tunneling barriers. The condition of weak coupling Ӷ 1 between the states of the neighboring resonators requires sufficiently large barriers and therefore a S Ӷ a L , which we assume hereafter.
In a regular ͑a L → ϱ͒ 1D PhC, the eigenfunctions of the crystal satisfy the Bloch theorem:
where e͑ , x͒ is periodic on the a S scale and the eigenfrequency enters as a parameter. The propagation of electromagnetic waves over one period in the 1D PhC can be described by a 2 ϫ 2 transfer matrix [16] [17] [18] T tot = ⌸ x x+a S T ͑ , +d͒, which is related to the propagation constant K͑͒ as cos͓K͑͒a S ͔ =Tr͓T tot ͔ / 2. In the spectral regions of a photonic bandgap (PBG), K͑͒ becomes complex and wave propagation is possible only via a tunneling mechanism in a PhC of finite length.
In PhCs with long-range modulation, the Bloch theorem Eq. (4) cannot be applied locally on the a S scale, because now the propagation constant becomes a function of position K loc ͑ , x͒. The forwardpropagating (locally) wave exp͓iK loc ͑ , x͒x͔ scatters into exp͓−iK loc ͑ , x͒x͔, which can be described with the coupled mode approach. 17, 19 The shaded area in Fig. 1(a) shows the spectral region where K loc becomes complex. This modulation of the PBG as a function of the spatial coordinate [compare with Fig. 1(b) for guidance] allows the electromagnetic wave to propagate with real or imaginary K loc in different parts of the same PhC. As shown in Fig. 1 , there exist photonic bands such as A N or B N that correspond to the CROW picture: within these bands an EM wave propagates via a tunneling mechanism between the resonator regions. In the case of A N ͑B N ͒ regions around x m = Na S /2+Na S ϫ m ͑x m = Na S ϫ m͒ represent the periodically placed resonators separated by the confining buffers. Here, m is an integer.
For rigorous calculation of the photonic band structure of the dual-periodic system, the transfer matrix over a period is required. An interesting situation may arise when a L / a S is noninteger. The spectrum of such a structure exhibits a "butterfly" structure, 11 similar to the spectrum of an electron in a solid with an applied magnetic field. 20 We, however, will limit our consideration to a special class of commensurate lattices where a L / a S = N. In this case a L is a period of the crystal and the spectrum determined by cos͓K͑͒a L ͔ =Tr͓⌸ x x+a L T ͑ , +d͔͒ /2. Figures 1(c)-1(f) show the calculated band structure in the dual-periodic 1D PhC with N = 80. A series of progressively flatter bands develops on each side of the PBG region. We offer a clear physical explanation of this effect. For concreteness we will describe the lower-frequency sequence of bands. At frequencies below A ϱ propagation of EM waves is allowed in the vicinity of x m = Na S /2+Na S ϫ m, leading to the formation of a series of photonic band-edge modes. These modes [see the inset of Fig. 1(f) for the field distribution within the A N band] hybridize and form photonic bands as in the other CROW implementations.
3 K͑͒ can also be related to the transmission coefficient through the single period of the structure 18 cos͓K͑͒a L ͔ =Re͓t͔͑͒. For a state with a sufficiently high Q, t͑͒ is described by a Lorentzian, ͑−1͒ N ͑⌫ /2͒ / ͓i͑⌫ /2͒ − ͑ − ⍀͔͒. Substitution of this expression into the above equation leads directly to Eq.
(1) with
Thus, the decrease of group velocity in the PhC is directly related to the increase of the cavities' Q-factor. Similar to what occurs with the other CROWs, this effect also leads to the reduction of the useful bandwidth, as reviewed in Ref. 3 . In a finite single-periodic PhC, the Q-factor of the band-edge mode depends on the system size. In our case a L gives the characteristic length, which also determines the frequency of the last (closest to the band-edge) mode, A N . As N increases, A N shifts toward A ϱ because the size of each resonator region increases [see also the inset of Fig. 1(f) ]. The decrease of the local group velocity v g ͑x͒ = ͓dK loc ͑ , x͒ /d͔ −1 around x m = Na S /2+Na S ϫ m contributes to the increase of the Q-factor of the resonators.
The other factor that affects confinement is the tunneling rate between consecutive cavities. This can be controlled in the considered dual-periodic PhC by ⌬⑀ and/or by the depth of the long-range modulation set by ␣ (or ␤), Eq. (2) . If the former may not be adjustable for the given experimental conditions, the latter is easily controlled by changing the relative intensity of the pairs of lithographic beams, E 1 / E 2 . One may expect that 100% modulation [␣ = ␤ =1/2 in Eq. (2)] should lead to the photonic bands with the smallest dispersion (smallest group velocity). In this case, however, the resonators located at x m = Na S /2+Na S ϫ m would consist of the spatial regions with an almost constant refractive index and thus v g ͑x͒ϳc. Furthermore, complete modulation would also negatively affect (increase) the coupling between the resonators. This can also be seen from PBG diagram in Fig. 1(a) : points A ϱ and C would coincide as a result of the ␣ = ␤ =1/2 condition. Therefore, the frequency of the A N state would fall into the region where there is no PBG at x m = Na S ϫ m positions. Indeed, our photonic band structure calculations demonstrate that structures with 100% modulation are less advantageous and lead to significantly larger propagation speeds. The optimum value of ␣ depends on the experimental parameters (⑀ 0 , ⌬⑀, and N) and should be determined with the help of a PBG diagram similar to Fig. 1(a) . The diagram also proves useful in explaining the advantage of A N over B N . In the latter case, the tunneling barriers are thinner and their localization length is longer (PBG is spectrally narrower at x m = Na S /2+Na S ϫ m than it is at x m = Na S ϫ m).
In summary, there are numerous applications that can take advantage of slow-propagating light: optical memories, low-threshold lasers, nonlinear devices, and delay lines. Experimental realizations of CROW slow-light devices, suffer from low structural-error tolerances. Unlike previously known resonators, the proposed photonic crystal lattice with dual-harmonic modulations of the refractive index defined by Eq. (2) can be implemented by interference lithography of four plane-wave beams, ensuring that all resonators and tunneling barriers are the same. This approach paves the way to inexpensive slow-light applications.
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